ABSTRACT: Plasmonic response of free charges confined in nanostructures of plasmonic materials is a powerful means for manipulating the light-material interaction at the nanoscale and hence has influence on various relevant technologies. In particular, plasmonic materials responsive in the mid-infrared range are technologically important as the mid-infrared is home to the vibrational resonance of molecules and also thermal radiation of hot objects. However, the development of the field is practically challenged with the lack of low-loss materials supporting high quality plasmons in this range of the spectrum. Here, we demonstrate that degenerately doped InN nanocrystals (NCs) support tunable and low-loss plasmon resonance spanning the entire midwave infrared range. Modulating free-carrier concentration is achieved by engineering nitrogen-vacancy defects (InN 1−x , 0.017 < x < 0.085) in highly degenerate NCs using a nonequilibrium gas-phase growth process. Despite the significant reduction in the carrier mobility relative to intrinsic InN, the mobility in degenerate InN NCs (>60 cm 2 /(V s)) remains considerably higher than the carrier mobility reported for other materials NCs such as doped metal oxides, chalcogenides, and noble metals. These findings demonstrate feasibility of controlled tuning of infrared plasmon resonances in a low-loss material of III−V compounds and open a gateway to further studies of these materials nanostructures for infrared plasmonic applications.
P lasmonic materials active within the mid-infrared range enable enhancing light-material interaction in a technologically important spectral range that is home to the vibrational resonances of molecules and also thermal radiation of hot objects. 1−3 In mid-infrared responsive nanostructures, the oscillation of free carriers is confined to the scales around 2 orders of magnitude smaller than the light wavelength, resulting in strong and highly localized electromagnetic fields. The energy concentrated at nanoscale can be transferred into electricity (generation of "hot electrons"), coupled with the molecular vibrations, and so forth. 1−5 Localized surface plasmon resonances (LSPRs) active in the mid-infrared range are under study for applications such as targeted chemical sensing and spectroscopy, sensing low-dimensional bio-objects (e.g., biomolecules smaller than 10 nm), thermal imaging, and heat scavenging, to name a few. 1−3 Materials studied for the midinfrared range still struggle with limitations such as restricted spectral range (graphene), 6 low mobility (doped metal oxides), 7, 8 or low concentration of charge carriers (InAs, GaN, and Si). 9 There is an urgent need of finding low-loss materials with tunable plasmonic responses and a high free carrier concentration to fully unlock the potential of plasmonics in the mid-infrared range. 2, 10, 11, 12 Compounds of group III−V semiconductors (e.g., InAs, GaN, GaP) are studied for plasmonic applications due to their small effective electron mass which results in a high electron mobility. However, high doping (carrier concentration >10 20 cm
) of these semiconductors is not easily achievable and the plasmonic resonances reported for these materials are limited to very low energies. 7 An attractive and less-studied group III−V compound is InN that has a very low effective electron mass (lowest among the nitride semiconductors) and strong propensity for n-type conductivity which makes excellent combination for an ideal plasmonic material. A wide variation of the carrier concentration from 10 17 cm −3 to more than 10 21 cm −3 has been reported for thin films of InN. 13 The high concentration of free electrons in InN is explained by the special characteristic of its bandgap in which the charge neutrality level is located deep in the conduction band; that is, about 1.83 eV above the valence band maximum while the conduction band minimum is 0.67 eV above the valence band maximum.
14 Defect and impurities in InN are therefore generally of the donor type. In particular, nitrogen vacancies have the lowest formation energy among the native point defects in InN and thus are considered as a possible cause of n-type conductivity especially when the growth of InN is performed using a nonequilibrium growth process. 15 We have investigated the plasmonic response of the degenerately doped InN nanocrystals with varying degree of nitrogen deficiency. Growth of InN nanomaterials by conventional chemical methods is very challenging due to the lack of suitable precursors and the covalent nature of the bonds which complicates control over the nucleation and growth processes; 16 that is, previous reports on the synthesis of InN NCs have proven the incompatibility of solution-based methods for controlled growth of these materials. 17−20 In fact, InN is one of the least understood of the III−V semiconductors, mostly due to the difficulties associated with its preparation both in the form of thin films and as nanomaterials.
16−22 Synthesis methods based on nonthermal plasmas are compatible with growth of semiconductors with more covalent bounds. 23 Here, we employ a novel plasma-based technique that is compatible with growth of ionically bound semiconductors and allows versatile control of the chemical composition and size of the NCs. Figure 1a shows a schematic diagram of the process (see also section S1 in the SI document). Argon gas flows through the indium hollow cathode and the plasma is maintained by applying a pulsed electric field to the cathode which leads to sputtering of the indium cathode. Nitrogen gas added to the plasma is dissociated mainly through interaction with the highly energetic electrons in the plasma. The pulsed nature of this plasma provides a saturated vapor of highly ionized sputtered material which is favorable for the rapid growth of NCs in a nonequilibrium process. 37, 38 Further detail of the experiment setup and the process is presented in the SI. The growing NCs are negatively charged in the plasma due to the higher mobility of electrons (versus ions) and it results in the fast accumulation of (positively charged) ions onto the NCs. The control over nitrogen deficiency in the NCs is achieved by changing the average applied power to the cathode in the range from 15 to 40 W, which enhances indium sputtering rate and as a result the relative concentration of In to N in the NCs. The pulse frequency and length was fixed at 500 Hz and 80 μs, respectively. Figure 1b shows no significant changes in the size distribution of the NCs while varying the applied power. Energy dispersive Xray spectroscopy (EDX) analysis was used to determine the indium/nitrogen content in the NCs collected directly on substrates. For each synthesis condition, measurements were taken on multiple locations and the values averaged ( Figure 1b) ; the error bars in Figure 1b correspond to the standard deviation. The results show that the nitrogen is deficient in all samples (InN 1−x ) and the deficiency increased from x = 0.017 to x = 0.085 with increasing the average pulse power from 15 to 40 W. The measured oxygen and carbon impurities in the samples are on a constant level (∼5−6%) independent of process conditions. We believe that these impurities mainly originates from exposure to the open atmosphere and the initial 
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Letter contamination of the substrate. X-ray diffraction (XRD) analysis shows that all the samples have hexagonal wurtzite structure. Figure 1c shows the XRD pattern collected for a sample prepared at applied power of 20 W. All diffraction peaks can be indexed to the different planes of wurtzite InN and the XRD profiles did not change with nitrogen content for the range studied here. We should note that the utilized plasma process allows rapid growth of NCs without chemical ligands or impurities and excellent control of the chemical composition. It is likely the nonequilibrium interaction of highly energetic ions with the bare surfaces of the growing NCs that allows for the formation of native defects buried inside the NCs. Figure 2a shows the infrared absorbance spectra of the NCs with varied nitrogen deficiencies. It can be seen that the resonance peak position is shifted toward higher energies in samples with higher nitrogen deficiencies. The peak position is shifted from 0.27 to 0.49 eV with increasing nitrogen deficiency in the range 0.017 < x < 0.085 in InN 1−x NCs (Figure 2a ). The well-defined absorption peaks and corresponding shifts across the mid-infrared region of the spectrum can be explained by the high concentration of free electrons that is increasing in NCs with increasing nitrogen deficiency ( Figure 2b ). The electron concentration calculated from the plasmon resonance peaks in Figure 2a (see SI for details) ranges from 1.18 × 10 20 cm −3 to 3.2 × 10 20 cm −3 ( Figure 2b ). Infrared absorption has previously been observed in InN thin films 24, 25 and it has been attributed to the plasmon absorption by free electrons. The optoelectronic properties of InN NCs have rarely been studied. Palomaki et al. 26 has recently reported plasmon absorption for InN NCs prepared by a colloidal synthesis technique with an LSPR peak around 3000 nm (0.41 eV). They reported limited changes in the free electron concentration from 2.51 × 10 20 cm −3 to 2.89 × 10 20 cm −3 induced by chemical oxidation, which clearly highlight the stabilization of the electron concentration due to the proximity of the Fermi level to the charge neutrality level. 14 Furthermore, in this case the electron concentration was not controlled by the chemical composition of the actual NCs rather by implementing a junction at the interface between core InN NC and the oxidized shell.
The line width of the absorbance profiles in Figure 2a is proportional to the damping of free electrons due to scattering and thus can be used for determining electron mobility (see Sections S3 in the SI). The narrow line width of the absorbance profiles with full width at half-maximum (fwhm) down to 89 meV is among the narrowest linewidths reported for plasmonic NCs (see Table 1 ); this strongly supports the suitability and attractiveness of InN as a plasmonic material. Electron mobility calculated from the line width of the absorbance profiles is presented in Figure 2b . Electron mobility up to a value of 64.8 cm 2 /(V s) is obtained which is higher than the previously reported carrier mobility for any plasmonic NC including doped metal oxides, chalcogenides, and noble metals. Table 1 compares InN NCs damping factor and mobility with several other well-studied plasmonic NCs. Recent studies shows that defect engineering of doped metal oxide can lead to an electron mobility as high as 33 cm The valence band spectra obtained from XPS measurements are shown in Figure 3a . The Fermi level relative to the valence band maximum is shifted from 1.43 to 1.69 eV with increasing nitrogen deficiency of NCs, that is, the Fermi level is located deeply in the conduction band (the conduction band minimum is located at 0.67 eV from the valence band edge) and it approaches charge neutrality level in NCs with higher nitrogen deficiency (Figure 3c ). It has been previously observed that the Fermi level is stabilized where the free electron concentration reaches its maximum saturated value at very high concentration of defects, 14 however the Fermi level is here well below saturation so that varying the nitrogen deficiency can effectively 
Letter shift the plasmon resonance peak. The high-energy shift of the Fermi level is in agreement with the widening of the optical bandgap obtained from the ultraviolet−visible absorption measurements (Figure 3b ). The bandgap is determined by extrapolating the linear part of the squared absorption coefficient (see Figure S5 in SI). The bandgap is increased from 1.28 to 1.65 eV in NCs with higher nitrogen deficiency (Figure 2b) . The values obtained for the bandgap from XPS (i.e., from Figure 2a ) is also included in Figure 2b for an easier and direct comparison with absorption measurements. XPS measurements produced slightly higher values and this can be explained with the downward band bending due to the surface charge accumulation effect which has been previously observed in InN thin films. 14 However, we note that the difference is small and well within experimental errors or due to intrinsic differences in the measurement and fitting techniques. The blue shift of the absorption edge in degenerate semiconductors could be due to the Burstein−Moss (BM) effect. The BM shift in InN can be calculated from the dispersion relation for the conduction band obtained from a two-band k·p perturbation model presented by Kane where E g = 0.67 eV is the bandgap of InN, k is the wave vector, m 0 is the free electron mass. E p is an energy parameter of the Kane's model and it is taken E p = 10. InN, as a narrow bandgap semiconductor, has a strongly nonparabolic conduction band due to the k·p interaction between valence and conduction bands. This nonparabolicity has been taken into account in the Kane model (eq 1). The Fermi level is given by eq 1 evaluated at the Fermi wave vector k F = (3π 2 n e ) 1/3 . The concentration of free electrons n e in plasmonic NCs can be estimated from the correlation between the bulk plasma oscillation frequency and the plasmon resonance frequency (see Section S3 in SI and Figure 2b ). Figure 3b shows the calculated bandgap energy from eq 1 for the NCs with different nitrogen deficiency. The good agreement of the predicted BM shift with the absorption measurements is further evidence that the widening of the optical bandgap is due to the high density of free electrons. Importantly, the consistency of the results for the Fermi level and the optical gap with the BM predictions certifies that the values for electron concentration calculated from the plasmon absorption peaks are accurate.
We finally discuss the possible origin of our measured electron concentrations and further corroborate the contribution from nitrogen deficiencies. In InN, the Fermi level lies far below the charge neutrality level even in degenerate InN, so that donortype defects such as nitrogen vacancies are energetically favorable. Particularly nitrogen vacancies can play role as 
Letter major defects in materials similar to InN such as GaN and AlN. 34, 35 In InN, nitrogen vacancies have the lowest formation energies among all native defects. 15, 36 Hydrogen impurities incorporated into the lattice during the growth process can also effectively act as electron donors in InN, however leading to much lower concentrations of free carriers (≪10 20 cm −3 ). 36 The higher concentration of free electrons observed with increasing nitrogen deficiency in NCs is evidence of the effective presence of electrically active nitrogen vacancies. The stable charge state of the nitrogen vacancy is 3+ for Fermi level (relative to the valence band maximum) below 0.24 eV and 1+ for higher Fermi levels. The formation energy of V N + in the bulk InN with the Fermi level being located at the conduction band minimum is 1.0 eV and its increasing with increasing the Fermi level. However, this formation energy is considerably reduced on the surface of NCs during the growth so that it can be even negative (∼−0.13 eV 15 ) under In-rich growth conditions. The high concentration of defects (donors and acceptors) observed in films of InN grown by different techniques have not been well explained by numerical calculations based on the formation energies with assuming thermodynamic equilibrium condition, that is, the formation energies are too high. A possible reason is the deviation of the growth processes from equilibrium especially when the nonequilibrium plasma processes are involved. The nonequilibrium growth of thin films with a typical growth rate of 0.1 nm/s can lead to a nitrogen surface vacancy concentration of 2.1 × 10 20 cm −3 extending several tens of nanometers into the bulk. 15 The fast nonequilibrium growth of NCs in the plasmas with the presence of highly energetic and reactive species allows the formation of nitrogen vacancy defects. A typical growth rate of NCs is much higher than the growth rate of thin films owing to the accretion of positively charged ions trapped by the negatively charged NCs inside the plasma. For instance, we have previously reported growth rate of ∼500 nm/s for copper NCs 37 which is several orders of magnitude higher than the typical growth rate of films (∼0.1 nm/s). The ion concentration in pulsed plasma is significantly higher than the neutrals concentration (>80% ions 38 ) and the positive ions are accelerated to the nanoparticle over a potential that allow them to gain a kinetic energy of E imp ∼2.8 eV for singly charged ions, typically higher than the formation energy of the nitrogen vacancy defect. Under the rapid nonequilibrium growth condition of the NPs, defects formed on the surface during the growth are buried inside the NC. The concentration of vacancies can be higher at the surface of NCs which can lead to higher electron concentration on the surface similar to the surface charge accumulation widely observed in thin films of InN.
At high Fermi levels, the acceptor defects become more favorable so that intense compensation occurs in highly degenerate InN.
39−41 Nitrogen vacancies in highly degenerate InN have also a tendency toward forming clusters (or complexes) of vacancies with a reduction in the absolute defect charge. 37 Density functional theory calculations show that the clusters of nitrogen vacancies with neutral charge state become favorable. 41 ) to a few hundred cm 2 /(V s) and less at high electron concentrations (>10 20 cm −3 ) mainly due to the scattering from ionized defect centers.
39, 42 The electron mobility due to the ionized defect scattering can be calculated from the known value of the defect concentrations (Section S6 in the SI file). The calculated electron mobility corresponds to these defect concentrations are presented in Figure 4b . Electron mobility where the concentration of acceptors is negligible, no-compensation, is several times higher than the values obtained from the damping factor (Figure 4b) . Therefore, significant compensation with an acceptor concentration likely lower than the free electron concentration in NCs is expected.
This article introduces InN as a promising low-loss plasmonic material. Defect engineering of degenerately doped InN allows controlled modulation of the free carrier concentration to values higher than 10 20 cm
. At such a high doping levels, the optical bandgap is significantly widened, Fermi level is shifted deeply into the conduction band, and an intense plasmon absorption band appears in the infrared range of the spectrum. Carrier concentration in our NCs could be efficiently modulated by changing nitrogen vacancy defects through using a nonequilibrium plasma-based growth process. We found plasmon resonance absorption with narrow line width and tunable peaks across the mid-infrared spectral range. The very high electron mobility of these InN NCs well above carrier mobility observed in other doped semiconductors is highly attractive toward resolving the challenge of losses in plasmonic materials. This study opens a pathway for further research of doped InN and similar semiconductors (from group III−V) nanostructures as a new class of plasmonic material.
Methods. Nanocrystals (NCs) are synthesized using a custom-made setup based on high-power pulsed plasma sputtering technique. The detailed description of the process and the experimental setup is presented in the SI (Section S1). 
Letter For all the samples reported here, the operating pressure was 0.8 Torr and the argon and nitrogen gas flow rates were 80 and 20 sccm, respectively. Control over stoichiometry in nitrogen deficient NPs (InN 1−x , 0.017 < x < 0.085) is achieved by changing the applied power in the range from 15 to 40 W while the other operating parameters are held constant. The NCs produced in the plasma are collected downstream of the reactor directly onto the substrates for characterizations.
Mean diameter of the NCs and size distributions are determined by scanning electron microscopy (SEM) analysis. Measurements are performed with a LEO 1550 Gemini equipped with an energy dispersive X-ray spectroscopy (EDX) detector (Oxford instruments). The EDX analysis are carried out by data collected from three different spots on each sample.
The X-ray diffraction (XRD) measurements are performed using a PANalytical X́pert diffractometer mounted with a hybrid monochromator/mirror, operated at 40 kV and 40 mA with a Cu anode (Cu Kα, λ = 1.540597 Å). For typical XRD measurements, a thick layer (to avoid substrate peaks) of NCs are deposited on metal-coated silicon substrates.
UV−vis absorption measurements are performed using a Perkin−Elmer, Lambda 950 UV−VIS spectrometer; samples for UV−vis measurements are collected on glass substrates.
The Fourier transform infrared (FTIR) spectroscopy is carried out using an attenuated total reflectance (ATR) accessory. The ATR−FTIR spectrometer is a Bruker Vertex 70 FTIR spectrometer, and for the measurements, the collected sample powder on a metal coated silicon substrate is placed on the top of the ATR crystal.
X-ray photoelectron spectroscopy (XPS) measurements are performed using an Kratos Ultra photoelectron spectrometer equipped with a monochromated Al Kα (1486.6 eV) X-ray source operating at 150 W. The carbon peak C 1s at 284.3 eV was used for calibrating the spectra.
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